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Abstract
The claim is made in the graduate textbook Classical Electricity
and Magnetism by Panofsky and Phillips that a Lorentz transforma-
tion of a neutral current loop results in a moving current loop with
a charge distribution and an electric dipole moment. This result has
been used in a number of subsequent papers. However, the Panof-
sky and Phillips result is wrong because they base their derivation on
an incomplete Lorentz transformation. They Lorentz transform the
charge-current four-vector jµ = [j(r, t), ρ(r, t)], but not the space-time
four-vector xµ = [r, t]. In this paper, we show that completing the
Lorentz transformation by using the variable t′ in the moving frame
rather than keeping the rest frame time variable t, a current loop that
is neutral when at rest is also neutral when it is moving. This means
that a moving current loop does not have an induced electric dipole
moment.
A charge-current density forms a four-vector1 [ρ(r, t), j(r, t)] in special
relativity. This implies that under a Lorentz transformation from a system S
in which a neutral current loop (ρ = 0) is at rest, to a system S′ in which the
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1We use units with c=1.
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current loop is moving with a velocity V, the charge and current densities
will transform to
ρ′(r, t) = γV · j(r,t) (1)
j′(r,t) = γj(r,t). (2)
The positive sign in Eq. (1) appears because −V is the velocity of the Lorentz
transformation from S to S′.
This Lorentz transformation seems to have produced a non-vanishing
charge distribution in the frame in which the current loop is moving. On
the basis of this, Panofsky and Phillips[1] deduced that a moving current
loop would develop an electric dipole moment due to the charge distribution
indicated by Eq. (1). A large number of later references[2]-[16] has used this
induced electric dipole moment to draw spurious physical consequences.
We used the word ‘spurious’ in the previous sentence because the trans-
formation in Eq. (1) is not a complete Lorentz transformation of the charge-
current four-vector. A complete Lorentz transformation is a two step process,
of which Eq. (1) is just the first step. The required second step is to Lorentz
transform the space-time four-vector [t, r] so that the transformed ρ′ and j′are
functions of t′ and r′. We show below that completing the Lorentz transfor-
mation results in there being no induced charge density, and no resulting
electric dipole moment.
The charge and current densities, ρ and j, are usually idealized as smooth
macroscopic quantities, but the actual physical microscopic charge and cur-
rent densities in a current loop consist of point conduction electrons moving
through a fixed lattice of positively charged ions. The macroscopic densities
are defined by averages of the microscopic densities over small sampling cells
that contain a large number of the moving electrons. It is important to use
the microscopic densities, and not the simpler macroscopic densities, to un-
derstand the details of how the moving electrons form a current. Using the
macroscopic densities can lead to incorrect and misleading results, which was
the case in the Panofsky and Phillips derivation.
The assumption is sometimes made that, because the macroscopic current
density is time independent, the second stage of the Lorentz transformation
from the rest frame time t to the moving time t′ is unnecessary. But we
show below that, because the microscopic conduction electrons are moving,
completing the Lorentz transformation from t to t′ is necessary, and changes
the final result.
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To measure the charge density ρ, which is a macroscopic quantity, we
count the number of conduction electrons in a sampling cell, as shown in
Fig. 1. The conduction electrons are in motion in the loop’s rest frame.
We will show below that in order to count the moving electrons correctly,
they must all be counted at the same rest frame time t. The two times, t
and t’, are connected by a Lorentz transformation. This means that t′, the
appropriate time of counting in the moving frame, will vary according to the
Lorentz transformation equation
t′ = t/γ + V x′, (3)
where x′ is the distance measured from the back end of the sampling cell in
the moving system.
To see the effect of a counting time that varies with distance, we consider
a sampling cell consisting of a short stretch of the wire carrying the current,
as shown in Fig. 1.
Fig. 1: Conduction electons moving from left to right in a sampling
cell. The electrons enter the cell at the left end and leave at the
right end.
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In the figure, the electrons are moving from left to right with a small drift
velocity v with respect to the cell, corresponding to an electric current flowing
from right to left. In the moving system, we should count the electrons at
time t′, which, as given by Eq. (3), increases as we count from the left end
of the cell to the right.
That means that we would start counting at the left end of the cell and,
by the time we got to the right end, some electrons would have left the cell
before we counted them. We would have counted fewer electrons. This is just
what would happen if you counted the number of students in your classroom
starting at the front of the room. If some students had gone out the back
door while you were counting, they would not have been counted. An equal
number of students may have come in the front door, but you would not have
counted them.
The time taken moving from left to right to count the electrons in a
sampling cell of length L′ is given by Eq. (3) to be ∆t′ = V L′. During that
time the change in the charge density due to the negatively charged electrons
leaving the right end of the cell would be
∆ρ′2 =
j′A′∆t′
A′L′
=
(γjA′)(V L′)
A′L′
= γjV, (4)
where A′ is the cross-sectional area and A′L′ the volume of the sampling cell.
Since negative electrons have left the sampling cell before they were counted,
this corresponds to a positive contribution to the charge density.
We have used the subscript 2 in the charge density ∆ρ′2, because it is the
change in the charge density due to the second stage of the Lorentz transfor-
mation. The first stage change in the charge density found by Panofsky and
Phillips, as given by Eq. (1), is
∆ρ′1 = −γjV, (5)
where the minus sign arises because j and V are in opposite directions,
as seen in Fig. 1. We see that the net change in charge density, given by
Lorentz transforming the space-time variables as well as the charge-current
four-vector, is
∆ρ′ = ∆ρ′1 + ∆ρ
′
2 = 0, (6)
so a neutral current loop remains neutral when it moves with uniform velocity.
We have shown that a complete Lorentz transformation on a neutral
current loop produces a moving, but still neutral, current loop. This means
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that the induced charge density found by Panofsky and Phillips is spurious
because they did not complete the Lorentz transformation. With a zero
charge density, there would be no induced electric dipole moment in a moving
current loop. This contradicts a large number of papers[2]-[16] that were
generally based on the notion that a moving current loop acquires an electric
dipole moment.
One particular consequence is that the claim by Mansuripur[6] that the
Lorentz force produces a torque on a moving current loop in the presence of a
co-moving point charge was wrong. It also means that the many Comments[7]-
[15] refuting Mansuripur’s letter were endeavoring to resolve a nonexistent
problem.
I realize that I disagree with all of my references. But, actually, those
papers just implement (without question) the Panofsky and Phillips result.
None of them have anything like an independent derivation of Eq. (1). Thus,
although there are sixteen papers using the Panofsky and Phillips result,
there is only one derivation, and it is wrong.
There is another reason why a moving current loop cannot have the charge
density given by Eq. (1). That charge distribution is uniform throughout the
conducting wire carrying the current. But the charge density in a conductor
must be only on the surface of the conductor, which is not the case for the
charge density in Eq. (1). That would be a paradox more compelling than
that proposed by Mansuripur[6]. Fortunately, this paradox is resolved by our
demonstration that there is no induced charge density in the moving current
loop.
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